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Abstract

The yields of the extracellular sucrases produced by fungi and yeasts were
markedly increased by using sucrose monopalmitate as carbon source. The su-
crases of 10 fungi moved as.single components in zone electrophoresis. The
sucrases of six fungi were composed of two separable contponents. In one fungus,
three sucrase compoanents were ohserved.

Introduction

Recently we have shown (1) that cellobiose is the natural inducer of cellulase
in fungi, and that it acts best as an inducer under conditions where it is supplied
slowly, as in cellulose cultures. Another means of supplying cellobicse slowly
is by using insoluble cellobiose octaacetate as & substrate. Many fungi produce
an esterase hydrolyzing the acetate groups from this, slowly liberating cello-
biose. These fungi give much higher cellulase yields when grown on cellobiose
octaacetate than when grown on cellobiose. This cbservation led us to specu-
late that sucrose monopalmitate might act in a similar way as an inducer of
sucrase. We have tested and confirmed this hypothesis with a number of
organisms from the Quartermaster Culture Collection. Some observations on
the properties of the fungal sucrases are also being reported.

Methods

Fungi were grown at 29° C in shake culture on a standard nutrient salts
medium (2), plus a carbon source. Sucrase and other enzymatic activities were
determined on the cell-free culture filtrates. One unit of enzyme activity is that
quantity which, in 2 ml of assay solution, produces 1.0 mg of reducing sugar
measured with the dinitrosalicylic acid reagent {DNS, see reference 3) as
glucose, in 1 hour at 50°. Assays were at pH 4.8 in phosphate (or citrate) buffer.
Substrates were used at 2.0 mg per ml of assay solution for disaccharides and
polysaccharides and 3 mg per ml for trisaccharides. Michaelis constants (Kn)
were estimated from plots of the reciprocal of the velocity against the reciprocal
of the substrate concentration (4). Initial rates of reactions were determined by
incubation for 15 to 30 minutes. .

Transfer reactions were followed by incubating enzymes with sucrose {1.0—
7.59). Samples were withdrawn at various times, spotted on paper, and
developed with isopropanol, acetic acid, water (27:4:9). Carbohydrates were
detected with benzidine (5) plus trichloroacetic acid, and fructose-containing
sugars with resorcinol-HCI (6).
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The enzyme samples used for zone electrophoresis (7, 8) were obtained as
acetone precipitates of the culture filtrate. These were dissolved and dialyzed
against water, evaporated to dryness #n vacuo at 30° C, and taken up in phos-
phate buffer of pH 7.0 and ionic strength 0.1. After electrophoresis at 8 v per
cm for 20 hours, the 100-cm starch block was cut into 100 sections of equal
length. Each section was eluted with 6 ml water containing 0.01%, bovine
plasma albumin (9). The eluates were assayed for enzymic activity. The time
of assay varied with the amount of enzyme present. Quantitative variations
among the different activities were handled by varying the time of incubation
(1-1200 minutes) and the wavelength at which the DNS solutions were read
in the colorimeter. For this reason, theheights of the activity peaks of enzymes
acting on different substrates are not directly comparable. The primary pur-
pose of the curves is a determination of the number of components present in
each preparation, rather than a strictly quantitative comparison of the various
enzymes.

Results

(A) Screeming of Fungi for Sucrase Production

Preliminary tests showed that sucrase yields were much higher when organ-
isms were grown on sucrose monopalmitate than when they were grown on
sucrose or on other carbon sources. As a result, 140 fungi were screened on a
medium containing 0.4%, sucrose monopalmitate and 0.1% sucrose. Many of
these secreted over 30 units/ml into the medium (Table I). No measure of
intracellular enzyme was made. Under the test conditions many fungi produced
more sucrase than Soccharomyces cerevisine, the usual source of invertase.
Particularly good vields were obtained from some Penicillium spp. and from
Candida utilis. The yields shown here are not maximum values. At the termi-
nation of the experiments (21 days), the enzyme concentrations were continuing
to rise, some species producing as much as 1000-3000 units/ml (Penicillium
brefeldianum, P. parvum, P. guadrilineatum, P. melinii, and C. utilis). These
yields indicate that crude filtrates can be obtained which have 1/10th the
activity of the concentrates distributed as commercial invertase (Nutritional
Biochemical Co.).

Seven of the more productive {fungi were compared for sucrase praduction on
a variety of substrates (Table 1I). The best yields were obtained on sucrose
monoepalmitate. The maximum effect was observed with Aspergillus weqtii. It
was anticipated that sucrose octaacetate would give results similar to those for
the monopalmitate, but this was not so. Glucose pentaacetate, included mainly
as a check on sucrose octaacetate, was surprisingly quite a good stimulant of
sucrase production for three of the fungi. Glycerel and mannose had a favorable
effect on one organism, but on no other substrate were the yields as high as
those obtained on the monopalmitate. Palmitic acid plus sucrose could not be
substituted for sucrose palmitate (data not shown), the yields for this combina-
tion being of the magnitude of those obtained on sucrose.
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Dry preparations of sucrase, prepared by acetone precipitation from the
J culture solution, varied in activity from 16 to 384 sucrase units/mg. These
— preparations were used to prepare the “sucrase solutions” employed throughout
% g o the remainder of this work. The recovery of activity was over 60% in about
u% Z 27 half of the tests. In two instances it was above 150%,. Such apparent activation
has been observed previously with some of our cellulase and $-1,3-glucanase

solutions, particularty in cultures which had been incubated beyond the time of
maximum activity. The poorest recovery of activity in an acetone precipitate

*@
8
= TSETTES : was 14%,.
= .

(B) Nature of Sucrose Monopabmilate
* Commercial sucrose monopalmitate {Colonial Sugars Co.) is reported as a
:% 0w o _ menoester substituted pred?minantly at thelﬁ-position of the glucos'e porf;io.n
A - of the molecule. When subjected to the action of our sucrase solutions, it is
< hydrolyzed very slowly, about 1/1000 as fast as sucrose. It is probable that

esterases are limiting, and that in the absence of these, sucrose palmitate is
resistant to the sucrases. Sucrose palmitate had no inhibiting effect on the
as : hydrolysis of sucrose by sucrases (data not shown).

; The extent of hydrolysis of sucrose monopalmitate by our enzyme solutions,
as measured by reducing sugar production, was 49%. These data suggest that
only part of the ester groups can be hydrolyzed by the esterases occurring in
our sucrase solutions. The remaining substituents must be so situated as to
resist enzymatic action, even though they are susceptible to hydrolysis by acid.
This indicates that an appreciable portion of the substitution is not at the

6-position as reported above.

Yield in units/ml, when grown on:
Glucose

Sucrose
octaacetate* pentaacetate*®

TABLE II
Effect of various carbon sources on sucrase production

* g
o U 4
8 Bleanzonae E (C) Properties of Fungal Sucrases
Hrm |V gD " . . L. .
JE|TRRRSES 5 The sucrose concentration required for obtaining the maximum rate of
o - - - . ey
a 'E hydrolysis varies with the source of enzyme. For sucrases of some Penicillium
E spp., such as P. brefeldianum, this value is as low as 2 to 3 mg sucrose/mi, When
- a the concentration greatly exceeds this, marked inhibition is observed (Fig. 1).
& "‘gg S5 g For other sucrases, such as that of C. utilis, the rate of hydrolysis increased with
= 8 substrate concentration over the range tested. K, values, estimated for most
¥ of these sucrases, are comparable to those reported by others for sucrases of the
s 33 same species. For example, our value for sucrase of the yeast Saccharomyces
3 & 8§ cerevisiae is 0.022 M that found by Michaelis and Menten is 0.016 M (10); and
. %z 53 that by Myrbick, 0.04 M (11). However, the values vary from one organism
g e w82 . P . . .
By S8 & ‘5?3’6,,}“_' to another, from 0.0005 M in P. brefeldianum to 0.035 M in A. niger {Table I).
a ¥ §§ & _2 ?§§ The sucrases of 10 fungi and yeasts tested have an optimum activity in phos-
Slg. . S§38egipsR phate buffer at about pH 5. Activity at pH 2.0 and at pH 8.0 are usually quite
SIS SR EE |88 low. An exception is found in 4. niger where activity at pH 2.0 is about 509 of
L3S EL8SE |ed5 . e . . . . .
28 8 RA% | 258 that at the optimal pH. Activities in citrate and in phthalate are similar to
B 8 R Y W 25{15'1 R .. . .
TR ORAR, those in phosphate. Activity in acetate is somewhat less.

The effect of temperature on the sucrase activities of six fungi was tested over
the range 20-60° C. Four of these (4. niger, Pestalotiopsis westerdijkii, C. uiilis,
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F16, 1. Effect of sucrose concentration on rate of hydrolysis. O Candida utilis QM
B1505 sucrase; @ Penicillium brefeldionum QM 1873 sucrase. Conditions: M/20 PO,;
35°. S = mg sucrose/ml; V = mg reducing sugar/ml/13 minutes.

and P. brefeldianum) were most active at 60° C during the 30-minute incubation
period. The time:activity curves showed no deviation from a straight line even
at 60° C. The other two preparations (P. melinit, Cunninghamella echinulata)
were most active at 50° C, inactivation at 60° C becoming apparent within
10 minutes.

During the course of these experiments some rather unusual results were ob-
served. The source of difficulty was found to be the presence of merthiolate in
the buffer. Over 509, inhibition of many of the sucrases occurred at a concen-
tration of 0.019} of thi§ organic mercury compound. Except for B-amylase,

merthiolate had not affected the activity of glucanases studied previously.
Cysteine overcomes the inhibitory effect.

(D) Electrophoretic Separation of Sucrases
‘The sucrase in most of the 17 enzyme preparations subjected to zone electro-
phoresis moved as a single component. There were seven examples of prepara-
tions having at least two active components (Table 1] 1). Three of those illus-
trated (Figs. 2 and 3) exhibited clear-cut separations. All peaks shown (Figs.
2 and 3) represent peaks of enzyme activity, and not of protein. They give no
information on specific activity {(units/mg protein). In order to define the major
peaks clearly, it is necessary to limit the hydrolysis assay time. This may
obscure minor components. Thus the P. melinii sucrase at 8 em appears to
have no raffinase activity (Fig. 2). Increasing the hydrolysis time by a factor
of 10 did reveal activity. The Aliernaria tenuis patterns show two sucrases
(Table I1T) differing markedly in sucrase/raffinase ratios. :
The sucrase preparations contained many enzymes, some known, some un-
known. When the original preparation was found to contain maltase, §-2,1-
fructanase, §-2,6-fructanase, or other enzymes having a bearing on the sucrase

TABLE III ]
Sucrase components from electrophoresis

Enzyme activities (units/ml) on:*

Fructan

8-2,6 Ma

g-2,1

Su Ra
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{em)t

No.

oM
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Pmn. At.

A2+ Fructanase None

‘/L/\ Az+6 Fructanase None

Raffinase

Activity ——s

o
3

Sucra.se

At
1
+—t—t—t— L

+5 0 -5-/0-5 0 -10-20-30-40 em

Distance Moved

F16. 2. Electrophoretic patt
A6 % : patterns of sucrases. P.m. = Penicilli init ;
sucraseéff;’%g;z gi’f)mé.?%&g&nggﬁh ,;fZ 1?cfubati0n (minutes)ti”;’.m;?g:;'i%l}gctliiii;
25, raffinase 180, B-2,6-fructanase 1080, 63, 1-ructanase 1080 e Iractions: sucrase
scissa shows distance of component from starting point in centimeters

pro?lenll, tl.le electrophoretic fractions were analyzed for these. Maltase was of
particular interest. In the A. wentii (Fi i l
ula . Fig. 3} preparation, maltase moved at

- ! a
rat;:%dmtmct]y different from that of sucrase. In the 4. niger preparation, the
maltase was .composed of three components, the sucrase of only one, Am;lzlase
was present in several preparations. In that of 4. sydows, six distinct amylase
components were found, the fastest of these moving 40-50 cm in 20 hours

(E} Specificity of Electrophoretically Separaied Sucrases

All of the sucrase components tested transfer B-fructosyl groups to wat
and usz‘AaHy to sucrose. All act on raffinose (R) as well as on sucr?)se (S‘;raber’
the ratio of activities on these two substrates (S/R) varies from one or ni o
to another. In P. melinii, where the two sucrases have been best sepgaarzl’cseill

electrophoretically,
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Aw. 97.
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—
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|
il | VA WO I S
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on of sucrases. A.w. = Aspergillus wentii QM 44a;
1. Length of incubation (minutes)—A . wentiz
0; P. quadrilineatum fractions: sucrase 2,

Fic. 3. Electrophoretic separati
P. q. = Penicillium quadrilineatum QM 787
fractions: sucrase 1, raffinase 3, maltase 18
raffinase 2, §-2,6-fructanase 30.

Ordinate = enzymatic activity; abscissa =
+ = anode end of block; — = cathode end.

distance of enzyme from starting point;

the S/R ratios differ by a factor greater than 10. Thelowest
S/R value found (= 1.0) is for 4. wentii sucrase; the highest, over 50, was
found in electrophoretic fractions of 4. tenuis and of Penicillinm queenslundicum
(Table I1I). Fifteen of the electrophoretically purified sucrases (including com-
mercial invertase) were allowed to act on 1.0% raffinose for 20 hours and the
hydrolyzates subjected to paper chromatography. In all cases, the major
products were melibiose and [ructose, indicating f-fructosidase activity.

Fructosyl transfer to sucrose varies for sucrases of different fungi or even
for the two sucrases of a single fungus (P. melinii). Usually, a trimer can be
detected, but in at least three instances, checked several times, no trimer
accompanied the hydrolysis in (1) P. melinii slow component, (2) 4. niger,
(3} C. echinulata. On the other hand, under the same conditions, a few organ-
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isms produced tetramer as well as trimer (judged by movement on paper
chromatograms only): (1} P. melinii fast component, (2} P. brefeldianum,
(3) P. queenslandicum.

The sucrases often had activity on either or both of the fructans, but the rate
of activity on the long chains is usually very low compared to that on sucrose
(Figs. 2and 3). Some sucrases appear to have no activity on fructans, and some
fructanases little or no activity on sucrose. Again, increasing the sensitivity of
the assays by lengthening the incubation time might reveal traces of these
activities,

No electrophoretically homogenous sucrase had any appreciable activity on
maltose or on melezitose (Table I1I).

Discussion

Sucrase, for many years, was considered to be an intracellular enzyme,
Dworschack and Wickerham (12) now have shown that the proportion of
invertase in the organism to that in the medium varies from one yeast to another
and from one environment to another. Of the yeasts examined, these authors
found C. utilis to be one of the best producers of extracellular sucrase. Our tests
confirm this, ranking this yeast with the fungi Penicillium brefeldianum, P.
parvum, P. guadrilineatum, and P. melinii. On the other hand, P. spinulosum
and A. oryzee, species used by Bealing and Bacon (13), have good activity, but
are not nearly as active as those listed above when grown under our conditions.

The yields of sucrase were greatly increased by growing the organisms on
sucrose monopalmitate. The stimulating value of this material seems to lie
in the slow liberation of sucrose through action of a fungal esterase. Farly
workers have claimed that small periodic additions of sucrose give better yields
than one large dose (14). Pestalotiopsis westerdijkii, a strong producer of
esterase, is least stimulated, apparently because the sucrose monopalmitate is
too rapidly converted to sucrose and palmitic acid. Whereas the stimulatory
effect of the monopalmitate was anticipated from earlier results on cellulase
stimulation by use of cellobiose octaacetate (1), our other guesses did not turn
out as well. Glucose pentaacetate is a far better inducer than sucrose octa-
acetate, but neither is nearly as good as the sucrose monopalmitate.

Our data support the current view that the sucrases of fungi and veast are
B-fructosyl transferases (13). While there are some sucrases that do not readily
form a fructosyl-sucrose, these do act on raffinose to vield melibiose and fruc-
tose, the fructosyl transfer being to water. None of the sucrase activity can be
attributed to an «-glucosidase (maltase). When the original culture solutions
had a-glucosidase activity, this enzyme separated from the sucrase during zone
electrophoresis.

The electrophoretic data indicate that some fungi produce a single sucrase,
some produce at least two. Three, and possibly more, sucrase components
appear in electrophoretic patterns of enzyme preparations of Fusarium moni-
Liforme, Penicillium funiculosum (7), and P. quadrilineatum. In these, some of
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the sucrase activity may be attributable to the Bufructan?ses present. .
When more than a single sucrase component 1s found in an electrophoreto-

(Ee 1rabie to ﬁ. 10 ed.]. erence il £8€ ENZY ne ptep t
ff th S 11 I aEaU()HS 9] }16[
granl, tis S bl ¥ SOI

than rate of migration. Usually the ratio of activity on sucrose fhat
raffinose is different for the separate components. In P. melinis the abl 11:};} o
produce a fructosyl-sucrose is much greater for one component than for another.

Other differences no doubt exist. . .
The sucrases isolated electrophoretically have raffinase activity, but the

ratios of the sucrase to raffinase activity vary widely. These enzyrfnes f:;ytilas;
act on §-2,1-fructan and(or) §-2,6-fructan, but_ always at rates har oo than
those on sucrose or raffinose. The electroph.oret%c patterns ofte? show, mse
tion, a separate 8-2,6-[ructanase, usually with little or no effect on sucrose.
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